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The  factor  which  confers virulence  to  specific  strains  of Corynebacterium 
dipktheriae is the capacity to synthesize a protein exotoxin in the naso-pharyn- 
geal tissues of infected individuals. The protein toxin has been purified and 
crystallized and has been  characterized extensively both chemically and im- 
munologically (1-3). These studies however have not contributed to an under- 
standing of either the chemical moiety responsible for toxicity or to elucidation 
of the biochemical mode of action of diphtheria toxin. Presently, hypotheses 
concerning the biological action of the toxin are based primarily on information 
derived  from  tissue  culture  systems.  Indeed,  the  beautiful  experiments  of 
Pappenheimer and Williams (4), who utilized the developing cecropia silkworm 
as the experimental animal, which pointed to the inhibition of tissue cytochrome 
systems as the mode of action of the toxin, had to be reevaluated in the light of 
tissue culture experiments which followed. Strauss and Hendee (5) made the 
initial significant observation that diphtheria toxin when incubated with HeLa 
cell cultures caused a virtual cessation of protein synthesis as measured by the 
incorporation of S~5-methionine into cell proteins. Inhibition of de novo  syn- 
thesis moreover, occurred several hours before any evidence of the toxin's cyto- 
pathic effect became manifest. In view of the fact that the metabolism of HeLa 
cells  (derived from a  human neoplasm) is primarily glycolytic in nature, the 
complete inhibition of protein synthesis by the toxin could not be explained 
solely by an effect on the aerobic respiratory chain of which the cytochrome 
system is  an integral part.  Subsequent experiments by Collier and Pappen- 
heimer (6) who used cell-free protein-synthesizing systems, provided unequivo- 
cal evidence that the toxin inhibited de novo protein synthesis mediated by 
both natural and synthetic messenger RNA. They concluded that cells sensitive 
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to diphtheria toxin are inhibited by a  block in the protein-synthesizing mech- 
anism after the activation of the amino acids and before their insertion on the 
messenger  RNA  template.  As  a  result  of  this  metabolic lesion,  Collier and 
Pappenheimer  suggest that sensitive cells can  no longer maintain  their func- 
tional integrity. 
While the  results  obtained with  the  tissue culture  systems  present  rather 
compelling evidence for the inhibition of protein synthesis as the mode of action 
of diphtheria toxin, it must be realized that tissue cultures do not represent a 
truly in vivo situation.  In  view  of this, one is forced to ask several important 
questions relative to the biological action of the toxin; (a) how far can one extrap- 
olate the information derived from the  tissue culture  and  cell-free systems to 
the sensitive laboratory animal or human?  (b) If inhibition of protein synthesis 
is the cardinal metabolic lesion induced by the toxin at the organismal level, 
which are the cell types and/or  target organs involved? The experiments de- 
scribed in  this paper  were  designed  to  answer  these  important  questions.  A 
combined  morphological  and  biochemical  approach  provided  evidence  that 
inhibition of protein synthesis is not a  widespread metabolic effect of dipthheria 
toxin in the sensitive guinea pig. On the other hand, heart tissues were found to 
be uniquely sensitive in  that  protein synthesis  was  inhibited markedly as  a 
result of diphtheria intoxication. The findings furthermore provide a  biochemi- 
cal rationale for the clinical syndrome exhibited by many patients with severe 
or  fatal  diphtheria  infections. 
Materials and Metkods 
Diphtheria Toxin  and Antitoxin.--Crystalfine diphtheria toxin was obtained through the 
courtesy of Doctors M. F. Stevens and C. G. Pope (Wellcome Research Laboratories, Eng- 
land). The toxin when reconstituted contained 324 Lt units/rag; 1.0 Lf unit was equivalent to 
approximately 60 guinea pig MLD. The purified crystalline toxin was used for all the experi- 
ments. Purified diphtheria antitoxin was obtained through the courtesy of Dr. Alwin Pappen- 
heimer, Jr. (Harvard Biological Laboratories, Cambridge,  Massachusetts).  The potency of the 
antiserum was estimated to be 500 units/ml. 
Guinea Pigs.--Haxtley str~n guinea pigs were obtained from the Simonsen Laboratories, 
White Bear Lake, Minnesota. Young animals of either sex weighing between 200 and 250 g 
were used in all experiments. Young guinea pigs rather than adults were employed since the 
rates of protein turnover are more rapid in the former group. 
M/ce.--Randomly bred Swiss albino mice were obtained from the Hamilton Laboratories, 
Hamilton, Ohio. The animals used for experimentation weighed between 20 and 25 g and were 
not screened according to sex. 
Tissue  Culture.--HeLa  cell  (S-3) cultures (obtained  through the courtesy of Dr. H.  C. 
Bubel, Cincinnati, Ohio) were maintained at -70°C with dimethyl sulfoxide as a stabilizing 
agent (9) until used. HeLa cells are sensitive to diphtheria toxin and were chosen for inclusion 
in our experiments  since they were the tissue  culture cells chosen in previous  experiments 
concerning the mode of action of diphtheria to~n (5, 6). 
Tissue culture monolayers were obtained by growth in Minimum Fatgle's Medium (MEM) 
(8) +  10% calf serum. Incubation was carried out in a CO2 incubator at 37°C. Cells were PETER  F.  BONVENT1LE AND  JOHN  O.  ~0~']~  1109 
grown on cover slips in 60 mm Petri dishes (3 cover slips per dish) containing 4 nd of growth 
medium with the fluid being replaced after 48 hr. Complete monolayers were usuany obtained 
within 4 days. 
Protein  Turnover in HeLa Ce/2s.--Cover slip cultures were divided into three groups:  (a) 
diphtheria toxin-treated,  (b) toxin-antitoxin-treated, and  (c) untreated controls. The mono- 
layers were placed in fresh tissue culture fluid which, during the experimental manipulations, 
consisted of MEM containing no leucine +  2% dialyzed calf serum. Crystaaine toxin was 
added to the first group in concentrations of 25 MLD/ml. Toxin (25 MLD/ml) and antitoxin 
(250 units) were added to the second  group, and no additions were made to the third group. 
The three groups of cell cultures were then incubated for 2 to 4 hr at 37°C. The monolayers 
were rinsed thoroughly with MEM and the fluids replaced with MEM (minus leucine) +  2% 
dialyzed calf serum to which tritiated leucine (dl-leucine, 4,5T, specific activity >  500 mc/m~t) 
was added in concentrations of 2 to 5 pc/m1 of fluid. The cover slip monolayers were then re- 
incubated at 37°C with the labeled amino acid for 3 to 4 hr. After the exchange period, the 
monolayers were rinsed  thoroughly with MEM  to remove any  tritiated  leucine not incor- 
porated into ceil proteins, drained, and air dried at room temperature. 
Protein Turnover in Animal Tissues.--Guinea pigs were fasted for 24 hr prior to the start of 
each experiment. Like the tissue cultures, the animals were divided into three groups: (a) diph- 
theria  toxin-treated, (b)  toxin-antitoxin-treated and (c)  untreated  controh. The diphtheria 
toxin group was injected intramuscularly with 20 MLD of the crystalline toxin. This quantity 
of toxin was suflSdent  to cause death of the animals between 24 and 30 hr after injection. The 
toxin-antitoxin animals were injected with 250  units  of antitoxin intraperitoueally 30 min 
prior to the toxin (20 MLD intramuseularly). The control animals were injected with saline 
in lieu of the toxin. Approximately 20 hr after the first injection/at which time the diphtheria 
toxin-injected animals showed visible signs of illness,  the animals were given 1.5 mc of  the 
tagged lencine intraperitonealiy. The labeled amino acid was administered either in one dose 
or in two equal doses spaced 1 hr apart. After a 2 hr exchange period, the animals were sacri- 
riced by cardiac perfusion with a  buffered formalin-3% sucrose fixative. The desired tissues 
were then excised  rapidly and placed in the fixative for several days, or frozen at --70°C at 
which temperature they were stored until analyzed. The fixed tissues were used for radioautog- 
raphy and  the frozen tissues extracted for protein determinations and radioactivity measure- 
merits.  Occasionally fixed tissues were also used for protein extraction and radioactivity deter- 
minations. 
After the first guinea pig experiment which involved 6 animals, we became aware of several 
unpublished experiments which established that conditioning of the guinea pigs to manipula- 
tion and injection may affect the rate and extent of incorporation of labeled amino acids into 
tissue proteins  (9).  It was shown that animals reared  in  isolation  demonstrated  a  greater 
incorporation of labded amino acids into brain tissue than did anlm~|$ raised in an "enriched" 
environment, i.e.  together with other guinea pigs, and  adapted  to handling and  injection 
procedures. Since this situation couid conceivably present another experimental variable, all 
animals except those used in the first experiment were conditioned for 2 wk prior to the start 
of any experiment by housing them in groups of 4 to 6 and also by adapting them to intra- 
peritoneal injections every other day with 1 cc of physiological saline. 
Mice were treated like the guinea pigs except that the quantity of HS-leucine injected intra- 
peritoneally was scaled down to 0.3 inc. In view of the fact that the mouse is a species com- 
paratively resistant to diphtheria toxin, they were injected with 100 MLD of diphtheria toxin. 
All mice were found to be refractory and survived challenge with this quantity of toxin. 
Protein Determinations.--Total  protein of tissue cultures was measured  by  the  method 
of Lowry et al. (10) modified by Oyama and Eagle (11) for tissue culture. 
Animal tissues were homogenized in distilled water and precipitated with cold trichloracetic 
acid  (TCA)  (5%).  The precipitates were washed twice with cold TCA and  then extracted 1110  PROTEIN SYNTHESIS IN GUINEA PIG TISSUES 
successively with 50%, 95%, and absolute alcohols (all at 60°C), ether and absolute alcohol 
(1:1), and finally 3 times with ether. The dried residue was then analyzed for protein content 
by the method of Lowry et al. (10). 
RadioactiveZy Meazurcments.--Tissue  culture samples were digested in minimum volumes 
of 0.1 ~  NaOH.  The dried extracted  tissue residues were digested in minimum volumes of 
2.0 N NaOH.  Minimum volumes were employed since large aqueous samples could not be 
added to the liquid scintillation  mixture employed without separation into a two phase system. 
All samples were prepared  for liquid  scintillation counting, in  the DTN  (dioxane-toluene- 
napthalene)  thixotr0pic gel  (Cab-O-Sil, Packard  Corporation, Downers Grove, Ill.)  mixture 
described by "rye and Engle (12). The samples were counted in a model 574 Tri-Carb Liquid 
Scintillation  Spectrometer  (Packard  Corporation).  Radioactivity  values  were expressed as 
counts per minute per milligram protein (cP~/mg). 
Histological Proce.dures.--Fixed  animal  tissues  were  embedded  in  "Paraplast"  (Aloe, 
Scientific, St. Louis, MoO and sections cut 5 to 6 mg in thickness. The sections for histologi- 
cal examination were stained directly. In cases where staining of  tissue radioautograms was 
done, the sections were stMnad  through  the  emulsion  after  photographic  development.  In 
all cases,  the stain used was Harris's hematoxylin and eesin B  (13). 
The HeLa cell mon01ayers were fixed in 4% glutaraldehyde (Union Carbide  Corporation, 
N. Y.) and stained with Nuclear Fast Red. 
Radioa~ography.--The  cover slip tissue cultures were mounted with "Permonnt" to one 
end of a  glass slide with the monolayer facing upwards and fixed in glutaraldehyde. Animal 
tissue sections were deparamni~ed with xylene and hydrated  through graded alcohols and 
distilled water.  The proc~ses  of  fixation before sectioning and hydration after sectioning 
removed all of the unbound H~-leucine. Therefore, all the residual radioactivity was associated 
with cell proteins. Every effort was made to obtain high quality sections since by experience 
it was learned  that sections quite acceptable for staining and general histological purposes 
sometimes produced artifacts in the final radioautograms. This was especially apparent in 
sections which were not uniform in  thickness or which were not completely flattened and 
tightly adherent to  the  slides. 
From this stage, both HeLa cell preparations and the tissue sections were processed in the 
same manner. The slides were prepared for radioantograpliy in a  darkroom equipped  with 
safelights  (Wratten  series No.  2  filters).  The  nuclear  emulsion  (NTB-3,  Eastman  Kodak 
Company, Rochester, New York) was liquefied in a water bath adjusted to 42°C and stirred 
gently for 1 hr to release air bubbles trapped within the fluid. The slides were prewarned to 
42°C  and dipped individually in the emulsion for 2  see.  Excess emulsion was drained and 
wiped off the back with a soft cloth. Slides were allowed to dry in a horizontal position in an 
enclosed  chamber through which air circulated  freely.  The humidity in  the chamber was 
maintained at a  relatively  high level to prevent cracking of the emulsion during the drying 
procedure  (14). The emulsion-coated slides were then placed in light-fight slide boxes con- 
raining a desiccant and stored at 4°C. After suitable exposure periods (between 5 and 16 wk) 
the radioautograms were developed in D-19 developer  (Eastman Kodak  Company)  equili- 
brated  to  20°C.  The  entire radioantographic procedure  was  standardized  rigidly  so  that 
differences observed in the radioautographic images could not be ascribed to variations in the 
experimental manipulations. When prolonged exposure periods were required, the desiccant 
in the storage boxes was renewed every 4 wk. Radioautograms were stained after developing 
the photogrxphicemulsion with Harris's hematoxylin and eosin B. 
Microdensitomary.--Until  recently, one of the major objections to radioantography was 
that it did not lend itself readily to quantitative evaluation. In spite of this, radioautographic 
data of a quantitative nature could be obtained if one resorted to the tedious chore of counting 
exposed silver grains per cell or unit area. A  major advance in the quantification of radio- PETER  F.  BONVENTRE  AND  JOHN  G.  IMI-IOFF  1111 
autograms was made by Altman  (15,  16)  who showed that radioactivity could be correlated 
with grain density by microdensitometric analysis. He established that density was linearly 
related  to  the number of exposed silver grains over any  circumscribed area measured. The 
method facilitates the evaluation of numerous radioautograms by substituting optical density 
values  for  silver  grain  counts. 
TExT-FIG.  1. Photograph  of  microscope  adapted  for  microdensitometry.  The  vertical 
projection tube  (D)  is arranged so that  the light source travels through an aperture  of the 
desired size (E)  and impinges upon a  sensitive photomultiplier tube  (B). The optical density 
of the specimen is recorded on the densitometer (A) after focusing and viewing through the 
lateral eyepiece (C). 
Microdensitometric measurements were made from unstained radioautograms. The appara- 
tus employed has been described in  detail by Altman  (15).  In  brief, it consisted of a  Zeiss 
research photomicroscope with a  trinocular head, a  custom designed vertical monocular tube 
and a  Photovolt model 501M densitometer. The vertical projection attachment was made up 
of a monocular tube with a  slot at the bottom which accepted interchangeable slides in which 
apertures of various sizes had been machined (diameters of the apertures were between 0.013 
and 0.08 ram), a  beam-splitting prism, a  lateral-viewing eyepiece and an extended tube. The 
tube was coupled with a  photomultiplier which in  turn was electrically connected with the 1112  PROTEIN  SYNTHESIS  IN  GUINEA  PIG  TISSUES 
densitometer. The light source intensity and  the optical settings were standardized for any 
series  of measurements; i.e.,  for  each  experiment or  each  set  of experimental and  control 
radioautograms.  Before any measurements  were made,  the density  reading  of  the  "noise" 
level of the emulsion was adjusted to zero (100% transmission) for each radioautogram eval- 
uated. A photograph of the apparatus is shown in Text-Fig.  1. 
At least 20 readings were taken with each radioautogram and the sampling of areas to be 
measured was randomized by  scanning the entire section or monolayer. The density values 
shown in the text are mean values of the total number of measurements taken. The photo- 
micrographs shown were taken with a 35 mm camera which is housed within the microscope. 
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TExT-FIG.  2. Optical  density values  of nnstained  guinea pig  tissue  radioautograms  pre- 
pared from normal and diptheria toxin-treated animals. Each guinea pig received 1.5 mc of 
tritiated leucine intraperitoneally 2 hr before sacrifice. 
RESULTS 
Protein  Synthesis  in  Tissues of "Unconditioned"  Guinea  Pigs.--The  initial 
experiment utilized 6 animals, 2 of which were injected with diphtheria toxin, 
2 with diphtheria toxin and antitoxin, and 2 which served as normal controls. 
The extent of tritiated leucine incorporation into tissue proteins during the 2 hr 
exchange  period  was  measured  by  microdensitometric  evaluation  of  tissue 
radioautograms,  and liquid scintillation counting of tissue  proteins.  By both 
methods of analysis it became evident that inhibition of protein synthesis was 
not a generalized metabolic effect of diphtheria toxin in vivo. Density values of 
tissue  radioautograms  suggested  that  protein  turnover of brain  tissue,  small 
intestine,  spleen,  liver,  adrenals,  and kidney was  essentially unchanged as  a 
result of the intoxication. The only tissues affected adversely were the pancreas PETER  F.  BONVENTRE  AND  JOHN  G.  I"MI~OFF  1113 
and heart (Text-fig. 2) in which an inhibition of 25 and 44%, respectively, was 
observed. A  major advantage of quantitative radioautography as applied in 
this investigation is that it permits not only a relative index of de novo protein 
synthesis but by virtue of its morphological nature allows one to observe the 
pattern and distribution of synthesis in the cells which comprise each tissue. 
The pattern of leucine incorporation into pancreatic tissue obtained from nor- 
mal  and  toxin-treated  animals  (Figs.  1  and  2)  was  strikingly  different.  In 
normal animals, the radioactivity was localized distinctly within each acinus and 
concentrated primarily in the lumen, indicating a normal secretion of pancreatic 
enzymes. The radioautograms of the pancreas from the diphtheria-intoxicated 
guinea pigs, on the other hand, showed a diffuse incorporation of leucine with 
TABLE I 
Tritiated Leudne Incorporation into Tissue Proteins of Normal and Diphtheria Toxin-Treated 
Guinea Pigs* 
Tissue 
Liver 
Spleen 
Kidney 
Small intestine 
Pancreas 
Heart 
Radioactivity (cAt X 10-8/rag protein):~ 
Normal  Toxin 
18.5  20.7 
24.3  19.3 
22.6  25.2 
34.1  33.0 
90.0  36.3 
8.0  3.2 
Toxin-antitoxin 
17.8 
20.5 
30.0 
31.1 
67.2 
12.6 
* Each animal given 1.5 mc of HS-leucine  intraperitoneally 2 hr before sacrifice. 
Composite data from total of 6 animals. Radioactivity values of tissue proteins are the 
average of triplicate samples. 
the radioactivity, localized within the acinar cells rather than the lumen. The 
radioautographic evidence also suggests that the inhibition manifested in the 
heart tissue is generalized and not restricted to specific anatomic regions. This 
is shown by the paucity of exposed silver grains over the entire heart radioauto- 
gram (Fig. 4). In contrast a  section from a  normal guinea pig shows uniform 
labeling throughout the section (Fig. 3). 
Radioactivity measurements  of extracted tissue  proteins corroborated the 
radioautographic data (Table I). All tissues except the heart and pancreas were 
normal with respect to H3-1eucine incorporation into proteins. As can be seen 
from the data, direct radioactivity measurements suggested a greater inhibition 
of protein synthesis than did the radioautographic analysis. Values obtained for 
the tissues from the antitoxin-protected guinea pigs were essentially normal. 
A  Comparison of Protein Synthesis in Guinea Pigs and M/ce.--Since mice are 
relatively resistant to diphtheria toxin, it was assumed a priori that the resistance 1114  PROTEIN SYNTHESIS IN GUINEA PIG TISSUES 
of this species should be reflected in a minimal inhibition of leucine incorporation 
into tissue proteins. Therefore, experiments were designed to compare protein 
synthesis in the tissues of guinea pigs and mice after challenge with diphtheria 
toxin. The results presented were compiled from the data of two separate experi- 
ments involving 10 guinea pigs and 4  mice. The protocol was essentially the 
same as before except that the animals were conditioned for 2 wk prior to the 
experiment by housing them in groups of 4 to 6 and injecting them every other 
day with physiological saline. In addition, the kinds of animal tissues taken for 
TABLE II 
Effect  of Diphtheria  Intoxication  on  the  Incorporation  of  Tritiated  Leucine  into  Guinea  Pig 
Tissues  as  Measured  by  Grain  Densities  of Radioautograms 
Tissue 
Brain (neurons) 
Small intestine (villi) 
Spleen (germinal centers) 
Kidney 
Adrenal 
Liver 
Pancreas (acir~) 
Heart 
Right ventricle 
Left ventricle 
Right atrium 
%reduction in grain density* 
Diphtheria 
0 
0 
0 
0 
0 
0 
27 
44 
76 
72 
44 
toxln~  Toxin-antitoxinS 
0 
4 
0 
12 
0 
0 
* Composite data obtained by microdensitometric evaluation of tissue sections from a 
total of 10 guinea pigs. 
Values calculated on basis of optical density measurements of tissue radioautograms 
as compared with radioautograms prepared from normal (control) guinea pigs. 
radioautographic  analysis and  radioactivity measurements were expanded  to 
include lung, diaphragm, and blood serum, as well as those taken in the previous 
experiment. The data derived from densitometric readings of the tissue radio- 
autograms (Table II) and the radioactivity of the tissue proteins (Table III) 
show clearly that all the guinea pig tissues examined except the pancreas and 
heart were unaffected by the toxin. A slight inhibition of leucine incorporation 
into serum proteins was observed. None of the mouse tissues showed a reduction 
in the extent of tritiated leucine incorporated into proteins. It should be noted 
that  diphtheria  toxin had no inhibitory effect on protein synthesis of mouse 
tissues  in  spite  of the fact  that  mice were  challenged  with  a  5-fold  greater 
quantity of toxin (100 MLD) than were the sensitive guinea pigs. An observa- 
tion for which there is no plausible explanation at this time is that the antitoxin- PETER IL BONVENTRE  AND  JOHN  G. IMttO:KF  1115 
TABLE  III 
Tritiate,  d Leuc~e Incorporation into  Tissue Proteins of Normal and Diphtheria  Toxin-Treated 
Guinea Pigs and Mice* 
Tissue 
Liver 
Spleen 
Small intestine 
Adrenal 
Lung 
Brain 
Diaphragm 
Serum 
Pancreas 
Heart 
Radioactivity (cI~X 10-8/rag protein):[: 
Guinea pigs  Mice 
Normal  Toxin  % inhibition  Normal  Toxin 
18.8 
17.2 
27.7 
23.0 
7.8 
5.6 
16.9 
20.8 
111.9 
7.7 
19.0 
16.5 
34.9 
24.7 
7.0 
6.0 
16.3 
16.3 
63.2 
3.5 
ns§ 
21.0 
44.5 
55.0 
11.0 
40.7 
46.3 
4.3 
14.4 
8.5 
19.5 
60.0 
8.5 
19.6 
47.5 
77.8 
4.1 
18.3 
9.1 
14.5 
73.6 
9.1 
* Composite data obtained from 10 guinea pigs and 4 mice. Each guinea pig was given 
1.5 mc of H3-1eucine intraperitoneally  and each mouse 0.3 mc intraperitoneatly  2 hr before 
sacrifice. 
~: Each tissue protein  preparation  was counted  in  duplicate  or triplicate.  The  average 
radioactivity  values are shown in the table. 
[  § ns, differences not statistically  significant. 
TABLE IV 
Effect  of Diphtheria  Toxin on Incorporation  of Tri~iated L~uclne  by HeLa Cell Cultures* 
Treatment of HeLa cell monolayers 
Normal (controls) 
Toxin 
Toxin-antitoxin 
Radioactivity 
(c~t X  t0-a/m~ 
protein) 
199.0 
0.3 
291.0 
% inhlbition  I Grai~de$  nsity 
- 
99.9  I  044 
None 
% inhibition 
85 
* Monolayers incubated  with Ha-lencine (5 /zc/ml)  for 3 hr prior to extraction  of cell 
proteins or radioautographic  procedure. 
:~ OD ffi Optical density raea~urements of monolayer radioautograms.  Values shown are 
average of two separate  experiments. 
treated  mice  seemed  to  respond  by  a  greater  than  normal  incorporation  of 
leucine into tissue proteins.  That  this  phenomenon was not restricted  to the 
diphtheria resistant species is seen by the fact that antitoxin-treated HeLa cells 
responded in the same way (Table IV). The small quantities  of purified anti- 
toxin employed in the experiments  make it unlikely that contaminating sub- 
stances in the antiserum served as utilizable energy sources. 1116  PROTEIN SYNTHESIS IN GUINEA PIG TISSUES 
Of the two guinea pig tissues inhibited by the toxin in vivo, the heart ap- 
peared to be involved to a greater extent and in a more consistent manner than 
the pancreas. The composite data show that the mean value of inhibition of leu- 
cine incorporation into heart proteins was 44 %  by microdensitometric analysis 
and 55 % by direct radioactivity measurements. The pancreas, on the other hand, 
was inhibited to a lesser degree: 27 and 44 % by therespective  methods of measure- 
ment.We considered these differences  to be important and while unequivocal evi- 
dence is lacking, the metabolic lesion induced in heart tissues appears to be more 
significant as a primary in vivo effect of diphtheria toxin than is the pancreatic 
lesion. Reasons for reaching this conclusion will be discussed. 
Protein Synthesis in tteLa Cell Cultures.--In view of the fact that HeLa cell 
cultures have been used by others to show the inhibition of protein synthesis by 
diphtheria toxin, this cell line was included in the present investigation for two 
reasons: it was considered important (a) to compare the extent of inhibition of 
protein synthesis observed in the sensitive cell line with the effects of the toxin 
TABLE  V 
Inhibition by Diphtheria Toxin of Protein Synthesis in Guinea Pig Heart Tissues as measured 
by Incorporation of Tritiated Leucine* 
Radioactivity (c~ X 10-s/rag  Treatment  protein)  % inhibition 
Normal (control)  7.86 
Toxin  2.18  73 
Toxin-antitoxin  7.42  none 
* Guinea pigs given 1.5 me of HS-lencine  intraperitoncally 6 hr prior to sacrifice  by cardiac 
perfusion. 
already noted in the in vivo experiments; and (b) to test a  tissue known to be 
sensitive to diphtheria toxin so that the reliability  of the relatively  novel methods 
of radioautography and microdensitometry could be substantiated. 
The incorporation of HS-leucine into HeLa cell proteins as measured by liquid 
scintillation counting shows  the dramatic effect exerted by diphtheria toxin. 
Incubation of the monolayers for 3 hr resulted in a virtual cessation of protein 
synthesis  (Table  IV).  Microdensitometric  evaluation  of  the  tissue  culture 
radioautograms also revealed the drastic reduction in protein synthesis effected 
by preincubation with the toxin. In two separate experiments an average value 
of 85 % inhibition was obtained as measured by a comparison of the densities of 
normal and diphtheria toxin treated HeLa cell monolayers (Table IV). Photo- 
micrographs showing stained radioautograms of normal and toxin-treated HeLa 
cell monolayers incubated with tritiated leucine for several  hours  are  shown 
in Figs. 5 and 6. Exposed silver grains can be seen over practically every normal 
cell whereas  the labeling of the ceils preincubated with toxin was extremely 
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The results of these experiments were of critical importance since they showed 
unequivocally that  the  microdensitometric method was  sufficiently sensitive 
and accurate to be used with confidence for estimations of leucine incorporation 
into animal tissues. 
Inhibition of Protein Synthesis in Guinea Pig Heart Tissue.--Since diphtheria 
toxin appeared to exert its most significant effects in vivo on heart tissue speeifi- 
caUy, another experiment was designed in which the period of incorporation of 
tritiated leucine was extended from 2 to 6 hr. The rationale for the prolonged 
exchange period was that all muscle tissues, including the heart, have a rela- 
tively low rate of protein turnover (17) and, consequently, an extended incuba- 
tion period with the labeled amino acid might accentuate the inhibition exerted 
by the toxin. That this proved to be the case is shown by the data in Table V. 
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TExT-Fro. 3. Optical density values of unstained guinae pig heart tissue radioautograms 
prepared from normal and diphtheria toxin-treated animals. Values for different anatomic 
regions are shown. 
It can be seen that the inhibition of leucine incorporation into heart proteins as 
measured by liquid scintillation counting of extracted proteins was  73%.  In 
view of the greater inhibition observed with the extended exchange period, it is 
reasonable to assume that the closer the animal is to death, the higher would be 
the inhibition of protein synthesis demonstrable. In this experiment the animals 
had become moribund when they were sacrificed by cardiac perfusion. 
It was also considered important to look at the heart radioautograms with 
respect to the densities of different anatomic regions. Although inhibition of 
leucine incorporation was apparent throughout the entire heart sections, some 
variation  in  densities  were noted  (Text-fig. 3).  For  example,  the  ventricles 
seemed to be inhibited to a greater degree than the atrium. At this juncture it is 
difficult to attach any physiological significance to this observation but it may 
prove to be important if the toxin is found to inhibit specific proteins or enzymes 
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DISCUSSION 
Densitometric  analysis  of  tissue  radioautograms  and  liquid  scintillation 
counting of tissue proteins have provided evidence that inhibition of protein 
synthesis is not a generalized metabolic effect of diphtheria toxin in an in vivo 
situation. The only guinea pig tissues found to be inhibited were the pancreas 
and the heart tissues, with the latter being affected more consistently and to a 
greater degree than the former. This inhibition of protein synthesis as measured 
by the incorporation of tritiated leucine in animals challenged with diphtheria 
toxin was not seen in heart and pancreas of the mouse,  a  species resistant  to 
the action of the toxin. The specificity of inhibition was  also shown by the 
reversal of the effect when guinea pigs were protected with diphtheria antitoxin. 
When the exchange period was increased from 2 to 6 hr, the inhibition of leucine 
incorporation into guinea pig heart  tissues  was  made more apparent  (73%) 
and approached the values of inhibition noted in the diphtheria toxin-sensitive 
HeLa cell cultures. 
The data become extremely provocative when one attempts to correlate them 
with a  hypothetical site and mode of action of diphtheria toxin in vivo. It is 
clear that, ff inhibition of protein synthesis is the prime metabolic lesion induced 
by the toxin, its action in vivo is restricted to a limited number of tissue pro- 
teins. This specificity is in no way indicated by the results obtained with HeLa 
cells or other tissue cultures where inhibition is virtually an all or none phenom- 
enon. It is difficult on the basis of the experimental data to assess the signif- 
icance of the inhibition of protein synthesis noted in the pancreatic tissues of the 
guinea pig. It can be speculated, however, that a reduction in the level of pan- 
creatic enzymes secreted, even if substantial, would not constitute a pathologi- 
cal situation which by itself would result in death of the guinea pigs within 
several hours. On the other hand, the same metabolic lesion in heart tissues is 
of much greater significance since such a  disturbance would ultimately affect 
heart  function and  consequently does represent  a  life-threatening situation. 
Theseconsiderations, coupled with thedata, suggest that a plausible explanation 
of the biochemical mode of action of diphtheria toxin in the sensitive mamma- 
lian host is the specific inhibition of heart protein synthesis. 
Correlation of clinical evidence with the data is also pertinent. It has long 
been  common knowledge  that  cases  of  human  diphtheria  which  terminate 
fatally are often associated with cardiac failure. In addition, many of the deaths 
occurred during convalescence after the infection had subsided or reached a 
subclinical level (18). Examination of heart tissues after death has also indicated 
cardiac injury in many cases although the pathological lesions found have been 
varied and inconsistent. Pathological changes in both the heart parenchyma and 
interstitial tissues have been described with the most pronounced effects being 
noted in those patients who survived for a considerable time, or those who had 
suffered the extremely severe "bull neck" form of diphtheria. This observation PETER i~. BONVENTRE  AND  JOHN  G. rM~OFF  1119 
may be significant in the present investigation since no pathological changes 
could be detected in the heart tissues of guniea pigs which succumbed to the 
toxin. It may be that the relatively short survival time of the anlmnls after 
challenge with the toxin was not sufficient to allow a morphological expression 
of the biochemical lesion. 
At this point it would be premature to conclude that the significant primary 
biochemical lesion induced by diphtheria toxin is the one described here. It may 
be that other tissues not examined are affected or that inhibition of protein 
synthesis per se is not directly responsible for the pathophysiology  of diphtheria. 
On the other hand, the specific inhibition of protein synthesis noted in the heart 
tissue of the exquisitely sensitive guinea pig warrants further study. The radio- 
autographic  data  suggests  that  although inhibition  of  protein  synthesis  is 
manifested throughout the entire heart tissues, certain anatomic regions seem 
to be more involved than others. It may be that the action of the toxin is limited 
to specific structural proteins or alternatively to specific enzyme systems of the 
heart. In order to investigate these possibilities, experiments are now underway 
with primary cultures of neonatal and embryonic heart tissues obtained from 
animal species which are either resistant or sensitive to diphtheria toxin. Since 
primary cultures of heart tissues undergo extensive changes in metabolic pat- 
terns upon extended culture in vitro (19) it may also be possible to determine a 
transition from diphtheria toxin sensitivity to toxin resistance with the dis- 
appearance of specific enzyme systems during the process of dedifferentitaion. 
SUMMARY 
The effect of crystalline diphtheria toxin on protein synthesis in vivo was 
evaluated in guinea pigs and mice. By two independent methods of analysis 
(mierodensitometry of tissue radioautograms and radioactivity of tissue pro- 
teins), it was established that inhibition of protein synthesis was not a  wide- 
spread metabolic effect of diphtheria toxin. In the sensitive guinea pig, only 
the heart and the pancreas showed any demonstrable reduction in the quantity 
of tritiated leucine incorporated into proteins following challenge of the animals 
with the  crystalline toxin. No  such inhibition was noted in mice which are 
resistant to the action of diphtheria toxin. 
The effect on the pancreas involved a decrease in the synthesis of pancreatic 
enzymes and their subsequent secretion. For reasons discussed, it was concluded 
that this lesion was not as significant as the inhibition of protein synthesis in the 
heart tissues. Although the rate of protein turnover in heart muscle is relatively 
low, an inhibition of 73 % was noted when the exchange period with the tritiated 
leucine was 6 hr. 
It was suggested that the inhibition of protein synthesis in heart tissues could 
provide a biochemical rationale for the site and mode of action of diphtheria 
toxin in the sensitive mammalian host. An attempt was also made to correlate 1120  PROTEIN SYNTHESIS  IN GUINEA PIG TISSUES 
the biochemical heart lesion described here with past clinical evidence of car- 
diac failure and tissue pathology noted in many cases of fatal diphtheria infec- 
tions of humans. 
The help of Dr. William Sueoka, who examined the tissue sections for evidence of patho- 
logical changes, is sincerely  acknowledged. 
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EXPLANATION  OF PLATES 
PLATE  Ii0 
FIG. I. Radioautogram of  unstained pancreatic tissue  section  prepared from normal 
guinea pig injected  with 1.5 mc of tritiated  leucine 2 hr before sacrifice.  Black areas 
show localization  of exposed silver  grains. X  128. 
FIG. 2. Radioantogram of unstained pancreatic tissue  section  prepared from diph- 
theria toxin-treated guinea pig injected with 1.5 mc of tritiated  leucine 2 hr before 
sacrifice.  Black areas show localization  of exposed silver  grains.  X  128. [ItE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 124  PLATE  110 
(Bonventre and Imhoff: Protein synthesis in  guinea pig tissues) PLATE 111 
FIG.  3.  Radioautogram of  unstained heart  tissue  section prepared  from  normal 
guinea pig injected with 1.5 mc of tritiated leucine 2 hr before  sacrifice.  Black areas 
show uniform labeling of tissue proteins. X  205. 
FIG. 4.  Radioautogram of unstained heart tissue section prepared from diphtheria 
toxin-treated guinea pig injected with  1.5 mc of  tritiated leucine 2 hr before sacri- 
fice. Note the extremely small number of exposed silver grains. X  205. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  124  PLATE  111 
(Bonventre and Imhoff: Protein  synthesis in  guinea pig tissues) PLATE 112 
FIG.  5.  Radioautogram  of  normal  HeLa  cell  monolayer incubated with tritiated 
leucine (5 gc/ml) for 3 hr. Note uniform labeling of cells. Nuclear Fast Red.  ×  320. 
FIG. 6.  Radioautogram of HeLa  cell monolayer exposed to  diphtheria  toxin  (25 
MLD/ml) for 4 hr prior to incubation with trifiated leucine (5 ~c/ml) for 3 hr. Note 
sparse labeling of cells. Nuclear Fast Red.  ×  320. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 124  PLATE 112 
(Bonventre and Imhoff: Protein  synthesis in guinea pig  tissues) 